Absfrucf-We describe the saturation properties of ultrafast pulsed electromagnetic radiation generated by large-aperture photoconducting antennas as a function of optical excitation fluence. We present a theory that predicts this effect. The amplitude saturation of the radiation has been observed from antennas incorporating GaAs, InP, and radiation damaged silicon-on-sapphire consistent with theoretical expectations. The radiated fields were measured directly with a time resolution of 0.6 ps with the use of a large-aperture antenna as a detector. From these experimental studies, information about the highspeed response (i.e., the transient carrier mobility in the first few picoseconds after optical excitation) of the photoconductors incorporated in the antenna can be obtained under conditions of high applied electric fields and optical fluences.
I. INTRODUCTION ECENTLY, free-space pulsed electromagnetic radia-R tion of high power with a terahertz bandwidth has been produced photoconductively by amplified femtosecond laser pulses. The techniques used include photoconducting dipole antennas [ 11, large-aperture photoconducting antennas [2] , optically induced radiation from semiconductor surfaces [3] , [4] , and log-periodic antennas [ 5 ] . Peak radiated powers as high as 8.0 W and 400 W at repetition rates of 8.3 kHz [2] and 10 Hz [4] , respectively, have been achieved. Such radiation can be used to study transient high-field effects in dielectrics, semiconductors and semiconductor devices. Large-aperture photoconducting antennas are defined to have an optically illuminated area of dimensions much greater than the center wavelength of the emitted radiation. Saturation of the radiated field has been observed as a function of the fluence of the optical pulse illuminating the emitting sample in large-antennas [2] and in semiconductor surfaces [3] . In radiation optically induced from the built-in electric field in the surface depletion layer, carrier-carrier screening is responsible for this saturation [3] . In largeaperture photoconducting antennas, this effect is caused by the boundary conditions on the electric and magnetic fields at the surface at the surface of the illuminated region [2] . In this letter, we discuss saturation properties of the radiated field in large-aperture antennas incorporating different photoconductors, such as InP, GaAs, and radiation-damaged silicon-on-sapphire (RDSOS). From the saturation behavior, information about the transient response of these materials under high electric fields and high optical fluences can be obtained.
THEORY
A model of the radiated field near the emitting largeaperture photoconducting antenna can be constructed from the boundary conditions on the electric and magnetic fields at the surface of the emitter. This is in contrast to the conventional theory of radiation from an arbitrary current distribution in that the observation point, in this case, is taken to be near the surface of the distribution. For this reason, the vector potential, and, thus, the radiating electric and magnetic fields, cannot be expressed in terms of a few of the moments of the current distribution [6] . An expression for the radiated fields far from a large-aperture antenna in terms of a few of these moments is also difficult. The explanation for this is that, by definition, the center wavelength of the radiation is smaller than the diameter of the current distribution. For these reasons, the radiation emitted from large-aperture photoconducting antennas is best explained in terms of plane waves emitted from the planar conducting region of antennas. We describe the time-varing radiating electric and magnetic fields at the boundary. In this case, the retardation effects between the fields and the relevant time-varying parameters of the conducting surface of the antenna are nonexistent. The radiating fields from a temporally sinusoidal planar current distribution have previously been expressed in terms of the relevant quantities of this distribution [7] ; below, we derive equations for these fields for a surface current photoconductively generated by an optical pulse of an arbitrary temporal profile. Fig. 1 shows a photoexcited emitting antenna with an applied bias and corresponding electric field vb and Eb, respectively. The emitter is illuminated at normal incidence. A large-aperture photoconducting antenna consists of a planar photoconductor (with a dielectric constant, E ) Fig. 1 . Schematic of a large-aperture photoconducting antenna excited at normal incidence and biased with a voltage V,,. The diagram depicts the relevant fields: the bias electric field E,,; the time-dependent inward and outward radiating electric and magnetic fields E,,,, (0, E,,,,,,, ( I ) , Hr, ( t ) (pointing out of the page), and H,,,,,,(r), (pointing into the page), respectively. It also shows the time-varying surface current J5(r). Three unit normal vectors that are mutually orthogonal are also represented: n,, directed into the surface of the photoconductor; n, and ny, pointed along the direction of the inward radiated electric and magnetic field, respectively. onto which parallel conducting electrodes are adhered. Fig. 1 also depicts the quantities dependent on time, t : the inward and outward radiated electric fields, E,,in (t) and Er, out(t), respectively; the inward and outward radiated magnetic fields, Hr,in(t) (pointing out of the page) and H,,out (t) (pointing into the page), respectively; and the surface current, J, ( t ) . The radiated fields are plane waves propagating away from the conducting surface. Fig. 1 also depicts two orthogonal surfaces, 1 long by w wide, with corresponding contours, partially in the photoconductor. The surface in the plane of the page has unit normal ny; the other perpendicular to this plane, unit normal n,. From Maxwell's equations, relationships among these quantities can be derived [SI. In spite of the time-dependent nature of the physical situation depicted in Fig. 1 , we can show that the boundary conditions on the electric and magnetic fields reduce to those of the steady state. The boundary condition on the electric fields can be derived from Faraday's law [8],
where, for simplicity, B is the magnetic induction assumed to be equal to the magnetic field H, everywhere in space. From Stokes's theorem 191, we can integrate (1) over a flat region perpendicular to the photoconductor surface and with unit normal, ny (pointing out of the page),
where C is the contour of integration along the perimeter of the region and S is the surface. We can take the region to be a distance w wide by 1 long and positioned partially into the photoconductor as shown in Fig. 1 . Since distance 1 is taken to be much larger than the center wavelength of the emitted radiation, yet smaller than the radiated beam diameter (i.e., the antenna gap spacing), the electric fields can be assumed to be uniform over the respective sides of length 1 on the contour of integration. Further, the electric fields point in a direction parallel to the plane of the photoconductor (i.e., perpendicular to their respective directions of propagation). Thus, (2) reduces to a Er.in(t) -Er.out(f) = --w (Hr,m(t) -Hr.out(t)).
Since we assume that ( a p t ) (Hr,ln(t) -Hr.out(f)) is bounded, we can express (3) in the limit of the surface width w becoming very small. Thus, (3) reduces to
Thus, the radiated electric fields are predicted to be equal at the photoconductor surface,
Also, ( 5 ) reduces to the steady-state boundary condition Er, in (t) = Er, out (t).
Equation ( 5 ) has been verified experimentally in a largeaperture radiator [ 111. This is in contrast to Hertzian dipole antennas where the radiated field directed into the photoconductor substrate has been calculated and measured to be stronger than that of one traveling through free space by a factor of E [12] , [13] . The boundary condition on the electric fields derived above cannot be used in the case of dipole antennas which have lengths much smaller than or comparable to the center wavelength of the emitted radiation and, thus, which produce highly divergent radiation. Because of these features of dipole antennas, the electric fields cannot be assumed to be uniform over respective analogous sides of the contour of integration and (3)- (6) are not valid 1141.
By a method like that used above, the boundary condition on the radiated magnetic field can be derived. This condition can be evaluated from the Ampere-Maxwell law PI > where D is the electric displacement (i.e., D = €E). From Stokes's theorem [9] , where the region of integration is the plane w wide by I long, mutually orthogonal to the area of integration discussed previously and the surface of the photoconductor, as depicted in Fig. 1 . As discussed above, this plane, with unit normal n, is also positioned partially into the photoconductor. The surface current J,(t) is related to the cur-rent density J(t) by 6 
J,@)
where 6 is the distance into the photoconductor that excited carriers exist and dz is the increment of distance into the surface (i.e., along unit normal nz). From (4) , (8), and (9), (7) reduces to a Ht,in(t) + H / , o u l ( r ) = J J ( t ) -(1 + e)wGEr,m(t). (10) Since it is taken that (a/at)E,,,,(t) is bounded, the second term on the right-hand side of (10) The radiated magnetic fields are related to their corresponding radiated electric fields by the free space resistance, q0 [16] . Thus, the magnetic fields can be defined as
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and (14) From (3, (12), (13), and (14) , the surface current J,(t)
can be represented as a function of the inward radiated electric field E,,,, ( t ) ,
Thus, the surface current J,(t) has the same time dependence as that of the inward radiated field Er,in(t), at the emitter. The temporal waveform of the inward radiating electric field Er, I n ( t ) at the emitter is predicted to have a similiar shape like that of the surface current J,(t). Such waveforms have previously been observed from the radiated fields at observation points in or near the near-field region 121,
For the purposes of this article, the near field is defined for large-aperture antennas to be the volume of space all points of which are within the antenna gap spacing from the center of the illuminated region of the antenna. The inward radiated field Er, I n ( t ) can be expressed in terms of the bias field E,, and the surface conductivity from the definition of the surface current J,(t). From Ohm's law, the surface current is given by [ 181 where U, ( t ) is the surface conductivity of the emitting antenna which is defined as [ l l ] , [19] .
where e is the electron charge, R is the optical reflectivity of the illuminated surface of the photoconductor, p (t) and ( t ) are the carrier mobility and the optical pulse intensity as functions of time, respectively, 210 is the photon energy, and T,,, is the lifetime of the excited carriers. It is important to note that p ( t ) takes into account the relatively slow increase in the conductivity compared with that of a possibly rapidly varing optical intensity. Even in photoconductors with a fast conductivity increase, such as RDSOS and GaAs grown by molecular beam epitaxy at low temperatures (LT-GaAs) , the conductivity increase is generally much slower than that of the intensity of sub-100 fs optical pulses used to excite it [20] , 1211.
Since the transient mobility of the holes is much less than that of the electrons, the electrons are assumed to be the primary carriers contributing to the surface conductivity.
In cases where Ohm's law does not apply, such as Group III-V compound semiconductors at very high electric fields (i.e., greater than 5.0 kV/cm, as discussed below), modified versions of (16) and (17) are required to take into account the electric field dependence of the surface conductivity. From (15) and (16), the inward radiated field Er,ln(t) at the emitter can be expressed as Thus, as shown in (5), (17), and (18), as the time-integrated optical intensity (i.e., optical fluence) increases, and, thus, the surface conductivity increases, the inward and outward radiated fields are predicted to saturate. This behavior has been observed for both near-and far-field inward radiated electric field amplitudes [2] , [22] . As discussed in the Appendix, the amplitude of the far-field radiated electric field should have the same dependence on optical excitation fluence as that in the near field. Equations (17) and (18) also imply that the waveform of the electric field should broaden with increasing optical fluence. For large optical fluences, as the surface conductivity approaches a maximum, the near-field radiated field saturates as it approximates its corresponding maximum, such that it is temporally broader than the surface conductivity. This is in contrast to excitation with low optical fluences, where the near field has the same temporal characteristics as the surface conductivity. As discussed below, this has been experimentally shown to be a small effect.
Since the maximum of the radiated field at the emitter coincides with that of the surface conductivity, we can use (18) to express the maximum radiated electric field amplitude [2] . Fig. 2 shows an emitting antenna illuminated at normal incidence with an outical pulse of fluence denoted by e. A bias voltage V, is applied to the device with a corresponding electric field Eb. E,., in is the radiated field inside the antenna. Er,fonvard, the radiated field just outside the surface of the photoconductor, differs from
Er,in because of the Fresnel reflection loss at the surface.
The horizontal arrows denote the direction of optical and electrical propagation; the vertical arrows delineate the direction of the electric field. The peak radiated electric field, is given by where us, peak surface conductivity us, is the peak surface photoconductivity. The is expressed as where ptr is the transient carrier mobility at the point in time when the surface conductivity is maximum, R is the optical reflectivity, and Fopt is the optical excitation fluence. From (17) and (20), the transient mobility depends on the time variation of the optical intensity (i.e., the optical pulsewidth) [ 191, [23] . Thus, in (20) , the optical fluence is proportional to the optical intensity (i.e., the pulsewidth is constant). In (20), it is also assumed that the carrier lifetime is much longer than both the optical pulsewidth and the period between the time of optical illumination of the antenna and the time the maximum surface conductivity is reached. As the surface photoconductivity (and thus, the optical excitation fluence) becomes large, the inward radiated electric field E,., in, max is predicted to approximate the bias field Eb in magnitude. This behavior has been observed previously [2] , [22] . From (19) and (20), it can be shown that the pulse-to-pulse amplitude fluctuations of the radiated field decrease with respect to those of the optical pump fluence, the further the antenna is excited in the saturated region.
The experimental apparatus is shown in Fig. 3 . The large-aperture emitter is illuminated at normal incidence. The emitting antennas consist of a planar photoconductor with a pair of parallel aluminum electrodes. It is desirable that the photoconductors in the emitter and detector be strongly absorbing in the wavelength region of the optical pump and that they have a high dark resistivity. A high dark resistivity allows a large bias voltage to be applied to the device without imparting a substantial amount of heat that may either damage it or affect its performance. The large-aperture detector is placed directly in front of the emitter at a distance much larger that the dimensions of this antenna (i.e., in the far-field region). This device is similar in structure to the emitter but in some cases the gap spacings between the respective pairs of electrodes may differ. The large-aperture detector consists of a photoconductor of a short response time to provide adequate time resolution as elaborated below. Both optical beams are focused on the antennas to an e-' intensity spot diameter equal to the gap spacing. No optical components are used to image the radiation to the detector so that an absolute measurement of the radiated field could be obtained by taking into account the diffraction of the radiated beam. Although the coupling efficiency of the radiation from the emitter and detector could be enhanced by the use of lenses and focusing mirrors [24] , it is difficult to determine this efficiency. Thus, without an accurate estimation of the coupling efficiency, the actual magnitude of the radiated field at the emitter cannot be calculated from that of the detected field.
Optical pulses used in our experiments were derived from a balanced colliding-pulse mode-locked ring dye laser [25] amplified by a copper vapor laser pumped dye amplifier [26] . The output pulses from the amplifier had a pulsewidth of 70 fs at a center wavelength of 618 nm and pulse energies up to 8 pJ at an 8.3 kHz repetition rate. The optical pulse train was delivered to the experiment where the beam was separated into two portions. One part was used to excite the emitter; the second was delayed with respect to the first and used to gate the detector. The average photocurrent from the detector was the convolution over time of the radiated electric field and the surface conductivity of this device. This photocurrent was amplified and relayed to a lock-in amplifier triggered by a mechanical chopper modulating the pump portion of the pulse train. The signal from the lock-in amplifier was recorded by a computer that controlled the delay of the probe beam. The lock-in amplifier was set at a time constant of 300 ms. The mechanical stage was moved at a speed corresponding to rate of delay of 200 fs/s. These settings of the time constant and rate of delay were found not to be a limiting factor of the temporal resolution of the composite detection system. In the situation of the large-aperture detector, like a dipole antenna detector, a low dark conductivity improves the signal-to-noise ratio by allowing negligible photocurrent from this component to be emitter detector Fig. 3 . Experimental arrangement used to study saturation of the absolute amplitude of the radiated field from large-aperture photoconducting antennas. The emitter, biased with voltage Vb is excited by an optical pump pulse at normal incidence. The radiated pulse generated at the emitter diffracts and illuminates the detector gated by a probe pulse. The photocurrent is generated at the coincidence of the radiated and probe pulses at the detector.
recorded by the data acquisition system without being gated [2], [24]. This is analogous to the way the boxcar average enhances signal-to-noise ratio.
IV . LARGE-APERTURE DETECTOR
The large-aperture antenna that is used as a detector is like the one used as-an emitter except that it must consist of a material with a photoconductivity of short duration. As mentioned above, the detected photocurrent is a convolution over time of the radiated field incident on the detector and the time-dependent conductivity of the detector. The average photocurrent i ( 7 ) as a function of delay between the peak conductivity (i.e., peak sensitivity of the detector and) and the peak of the radiated electrical pulse 7 can be expressed by where Ed is the dielectric constant of the photoconductor in the detecting antenna, h is the length along the detector electrode that is illuminated, T i s the period between optical gating pulses, E, (t) is the time-dependent radiated field at the surface of the detector, and u,,,(r) is the timedependent surface conductivity of the detector which is defined by an equation analogous to (1 7)
where the relevant parameters for the detector are: Rd representing optical reflectivity; pd(t) and loptTd(t) are the carrier mobility and the incident optical pulse intensity as functions of time; and T , , , ,~ is the lifetime of the photoexcited carriers.
The detector was a large-aperture antenna incorporating an epilayer of low temperature MBE grown GaAs. This photoconductive layer was grown at 240°C to a thickness of 1.75 pm. The group V to group I11 beam equivalent pressure was 12 using the As4 source. The layer was annealed at 600" for 15 minutes after growth. In-situ annealed LT-GaAs has been shown to have a photovoltaic response (FWHM) of approximately 600 fs without a persistent small voltage following the voltage pulse [2 11, [27]. The parallel electrodes on our sample consist of a gold germanium alloy annealed to the surface intended to provide an ohmic contact. The gap spacing between the electrodes in this particular structure was 0.5 mm. Photoconducting antennas consisting of this material have previously been used to detect terahertz radiation [3], [ 5 ] , In order to characterize the speed of our detector, we artificially shortened the radiated pulse by placing a spatial filter at the detector. This element, consisting of a grounded copper sheet, was 3 mm thick with a 1 mm diameter hole. The filter blocks the slower components of the radiated field from the detector. The faster components cause ringing such that a waveform depicting a shorter pulse is detected (see the Appendix). This technique shortens the radiated pulse at the expense of signal amplitude. Fig. 4 shows the radiated field as a function of time delay with its corresponding Fourier transform. With the use of filters of increasing diameter, the radiated electric field detected became larger in amplitude and broader in pulsewidth. The detected signal became smaller with essentially the same pulsewidth as filters of decreasing diameter were used. A waveform of smaller amplitude but of a comparable temporal profile as that of Fig. 4 has also been obtained from the detection radiation emitted from a semiconductor surface with a built-in field. Terahertz radiation from such sources has been shown to be in the form of pulses as short as 160 fs by interferometric characterization [4] . Thus, with increased shielding, the pulsewidth of radiation from the large-aperture antenna has been reduced to a detector-limited value. From these results, we infer that the shortest pulsewidth (FWHM) detectable with our device is 600 fs as shown in Fig. 4 . This duration is comparable to the pulsewidth of the photoconductivity (FWHM) of LT-GaAs grown near 240°C. The shortest pulsewidth of terahertz radiation detected with dipole antennas have also been close to those of the photoconductive response of the material incorporated into the active area of the device [19], [20], [27]. As depicted in Fig. 4 , the spectrum of this pulse is centered at 360 GHz and extends beyond 1.5 THz. The frequency response is quite smooth and devoid of resonances, like those in dipole antennas at frequencies where the dipole length is equal to odd multiples of half-wavelength [ 131. Since the optical pulsewidth is 70 fs, the time resolution of the composite detection system is limited by the photoconductivity of the LT-GaAs incorporated in the detector [21]. These spatial filters can readily be inserted in front of the detector to check the speed of response at any time during an experiment. Since the detector may be gated at an optical fluence near the damage threshold, it may have a time resolution that steadily degrades. We have noticed a gradual slowing of response in our previously used RDSOS detector when gated by fluences exceeding 1.0 mJ/cm2 at a repetition rate of 8.3 kHz [2].
The 0.5 mm gap LT-GaAs large-aperture photoconducting antenna was shown to be four times as sensitive 1271. as a similar structure incorporating radiation-damaged silicon-on-sapphire. The larger sensitivity is expected since the peak transient carrier mobility of LT-GaAs is approximately 120 cm2/V-s, roughly a factor of four greater than that of RDSOS (29 cm2/V-s) [13] , [21] . By measuring the photocurrent versus bias applied to the LT-GaAs detector as it is being optically gated, we calibrated the sensitivity to be 1.3 pA per 1.0 V/cm at 310 pJ/cm2 optical fluence. The calibration implies an average resistance of the detector of 38 GQ when it is gated. The detector surface conductivity can be assumed to exist in a window of time comparable to the pulsewidth of the shortest detected radiated pulse. Thus, for a measured dark resistivity of 200 GQ and the shortest detected pulsewidth of 0.6 ps, the minimum transient resistivity (i.e., corresponding to the peak surface conductivity) is calculated to be 120 Q .
V. PROPERTIES OF THE RADIATED FIELD The temporal and spatial properties of the radiated electric field from large-aperture antennas were studied at both low and high optical excitation fluence. At a high optical fluence, the radiated field amplitude increases in a saturated manner with increasing optical fluence; at a low excitation fluence, the field increases near linearly. Fig. 5 shows the waveform of the radiated field from a 0.5 mm gap InP large-aperture antenna in the experimental geometry shown in Fig. 3 with an optical excitation fluence of 1.0 mJ/cm2 and a distance from the detector of 10 mm. The pulsewidth (FWHM) is measured to be 1.5 ps. We have previously reported shorter pulses from large-aperture photoconducting antennas [2] , [ 1 11, [ 171, [22] . But, in these cases, the radiated beam was relayed to the detector by either a dielectric lens or an off-axis paraboloidal reflector [2] , [ 1 13, [ 171, [22] . These optical components image the radiation with higher frequency components more efficiently than that with slower components so as to produce a shorter radiated pulse [28] . The reason for this is that the slower components of the radiation propagate further from the beam center (see the Appendix) and are more readily subjected to aberrations introduced by imaging components [28] . The waveform and corresponding Fourier transform generally remained the same over optical excitation fluences of 0.2-1.0 mJ/cm2. Th: Fourier transform of the waveform taken at 0.2 mJ/cmwas slightly broader and extended 10% further into the high frequency region than the one measured at 1.0 mJ/cm2. This is qualitatively consistent with the theory derived above as shown in (1 8).
In order to study the spatial divergence of the radiation, we moved the detector perpendicular to the axis of the experiment, defined by the line along which the center of the radiated beam propagates. The detected waveform became broader the larger the transverse distance between the detector and the beam center became. This behavior has been observed previously when the detector measured radiation along the specular reflection off the emitter that was rotated in the horizontal plane 1111, 1171. From the Appendix, this broadening is caused by the predominance of slower frequency components in regions detuned from the center of the radiated beam. Also, the further away from the beam axis the observation point becomes, the more the radiation from individual increments of surface current is out of phase with respect to the optical excitation pulse [I 11. In Fig. 6 , the dots represent the experimentally measured radiated field as a function of transverse distance from the experimental axis. The solid line is a calculation assuming a Gaussian profile. The experimentally measured divergence shows the radiated field to have a near-Gaussian dependence on transverse distance like that of the optical intensity [l 11 . This is expected since the increments of surface current radiated in phase governed by the optical pulse [ 111. From the Appendix, the ratios of the e-1 radii of the radiated field at the emitter wo and in the far-field region w f ( z ) as a function of distance away from the emitter along the beam axis z and is given by where A is the area of illumination on the emitter antenna, eo is the permittivity of free space, and r,, is the pulsewidth of the radiated pulse. The value of the e-' radius of the radiated field wfis estimated in Fig. 6 to be 15 mm. This result is consistent with theoretical expectations. For an emitter with a gap spacing of 0.5 mm (i.e., with an area of illumination A of 0.20 mm2), a distance of 10 mm between the detector and the emitter z and radiated field pulsewidth r,, of 1.5 ps, the e-1 radius is predicted to be 16.5 mm. The divergence hardly changed when this emitter was driven by a low optical excitation fluence (0.20 mJ/cm2).
VI. SATURATION EXPERIMENTS AND DISCUSSION
The peak of the radiated electric field was measured as a function of optical excitation fluence in large-aperture antennas consisting of different photoconductors. These experiments were performed on samples with a 0.5 mm gap spacing and a bias electric field Eb of 4.0 kV/cm. Fig. 7 shows the peak radiated field amplitude at the detector (left axis) versus optical fluence for InP, GaAs, and RDSOS. This figure also shows the field back calculated to the emitter (right axis) by taking into account the experimentally determined divergence and Fresnel losses. As mentioned above, the waveform broadened slightly with increasing optical fluence. As a result of this, the measured peak in the waveform corresponded to different center frequencies as a function of optical fluence. Since this variation of center frequency was only l o % , no correction taking this effect into account was made in the data. Like Fig. 6 , the depicted marks in Fig. 7 represent experimental points; the lines, a theoretical calculation based on (19) and (20).
The curves in Fig. 7 are calculated assuming a particular bias field Eb and various values of the transient mobility plr depending on the photoconductor. A value of Eb of 3.6 kV/cm was used in the calculations of the three curves in Fig. 7 . This value is slightly less than the value of experimentally applied field of 4.0 kV/cm. Possible reasons for this discrepancy are the drop in voltage near the contacts of the electrodes on the sample and absorption of the emitted radiation in the substrates of the antennas [29] , [30] . A mostly likely possibility is the reduc- tion in the peak of the detected field caused by response of the detector. As shown in (22), since the measured detector response is a significant fraction of the detected radiated pulsewidth, the detected pulse shape is probably slightly smoother and broader than the actual waveform of the radiated electric field incident on the detector. Strong saturation was observed in both InP and GaAs. In Fig. 7 , a transient carrier mobility of 300 cm2/V-s and 220 cm2/V-s is assumed for InP and GaAs, respectively, in the calculation of the lines. Table I shows the steadystate and transient values of the electron mobility of the photoconductors used in emitting large-aperture photoconducting antennas. As shown in Table I , these electron mobilities are much less than those of the steady state values of 4600 cm2/V-s and 8500 cm2/V-s for InP and GaAs, respectively, [31] . The primary reason for this is that the carriers are not in thermal equilibrium with respect to the lattice of the photoconductor in the first few picoseconds after excitation by an optical pulse of photon energy much larger than the band gap [3], [32] . The radiation that we detect is caused by hot carriers that eventually relax to thermal equilibrium after a few picoseconds. The reason why the transient electron mobility in the first few picoseconds after optical excitation is greater in InP than in GaAs is that these carriers relax more quickly to the I' valley [33] . Unlike InP, the electrons in GaAs, optically excited by a photon energy of 2.0 eV, relax first to the L valley, then to the I' valley [33] . In InP, the photoexcited electrons relax to the F valley directly because I'-L separation is larger than the difference between the photon energy and the bandgap [33] . This was determined in time-resolved luminescence measurements with an optical excitation source of photon energy of approximately 2.0 eV, close to that used in out experiments [33] . Similar saturation has also been observed in the switched voltage as a function of optical excitation fluence in a device consisting of two coplanar electrodes spaced 100 pm apart on LT-GaAs [34] .
Because of the relatively low electron mobility, the saturation in the RDSOS large-aperture antenna was not as significant as in the previous two materials. Fig.7 shows that the radiated field from the RDSOS device is sublinear with respect to optical excitation fluence. The theoretical VII. SUMMARY In summary, we have developed a model that describes the operation of large-aperture photoconducting antennas. This theory predicts saturation of the radiated field emitted as a function of optical fluence. We have observed saturation of large-aperture photoconducting antennas incorporating GaAs, InP, and RDSOS as photoconductors, in good agreement with the theory described above. In detector in sampling mode. The coherent detection system in this experiment provided a time resolution of 0.6 ps, sufficient to resolve the electrical pulses imaged directly onto it. From this capability and the calibration of the detector, the absolute magnitude of the peak radiated electric field could be determined. The spatial characteristics of the radiation were measured to be nearly invariant, within the accuracy of our experimental situation, with over a 17 dB change in optical fluence. In the same range of optical fluence, the pulses were observed to broaden by 10%. The amplitude of the radiated field was found to approach 90% of that of the bias field in the extreme saturation region. Values for the transient mobility at high electric fields in the first few picoseconds after optical excitation were estimated from the saturation curves. These observations show that substantially higher result from larger versions of the antennas reported here.
curve assumes an electron mobility of 30 cm2/V-s comparable to the measured value of 29 cm2/V-s [ 131.
The radiated signal was found to be nearly linear as a function of applied field up to 4.0 kV at high optical fluences. Fig. 8 shows the calibrated field as a function of optical fluence in a 0.5 mm gap GaAs antenna for 1.0 shapes refer to the experimental points and the lines are the best fit through these The emitters used in this experiment were subject to damage at 1 mJ/cm2 optical excitation fluence for electric fields exceeding 5 .O kV/cm. This corresponded to electrical heating on the order of 50-100 mW partially caused by the dark conductivity. This thermal problem can readily be avoided by primarily the excitation by an optical source with a lower duty cycle than the one used here and by the application of a pulsed bias with a low duty cycle.
The radiated field from large-aperture antennas was studied at higher biased fields when they were excited by small optical fluences. Fig. 9 shows the detected radiated field from a 4 mm gap InP antenna as function of bias field at the emitter for an optical excitation fluence of 8 pJ/cm2. In this experiment, the radiation was relayed to off-axis paraboloidal reflectors in order in improve the kV/cm, 2.0 kV/cm, and 4.0 kV/cm. In this figure, the these experiments, a large-aperture antenna was used as a the detector using a pair of 3 cm focal length, gold coated, amp1itude, short pulsed, better radiation can signal-to-noise ratio [24] . With this arrangement peak radiated fields as small as 77 mV/cm could be detected. This is roughly a factor of four greater sensitivity than that derivable from the apparatus shown in Fig. 3 . Fig. 9 clearly shows a departure from linearity beginning at roughly 4.0 kV and increasing with increasing bias. One possible cause of this nonlinear behavior may be the change in the response of the photoconductor at high fields (i.e., the variation of the transient mobility as a function APPENDIX DIFFRACTION OF THE RADIATED FIELD We examine the attenuation of the peak of the electric field in the far-field region caused by diffraction. We define this region to be all points of space which are at a distance from the antenna that is much larger than the electrode gap spacing. From Maxwell's equations, in the Coulomb gauge, the radiated field Er(r, t ) as a function of time t at a displacement r from the antenna center is given by [8]
(AI) where eo is the permittivity of free space, c is the speed of light in vacuum, J, is surface current in the emitting antenna evaluated at the retarded time, du' is the increment of surface area at a displacement rf from the antenna center and the integration is taken over the surface of the illuminated region of the antenna. From Ohm's law, the peak surface current J,, where uy, max is the maximum time-dependent surface conductivity, Eb is the bias field applied to the antenna, and E,., max is the peak radiated field inside the antenna. The maximum radiated field in the antenna, Er,in,max, is expressed as (19) os, max TO os,maxTO + (1 + J;) Er,in,max = -Eb where qo is the free space resistance and E is the dielectric constant of the photoconductor. From (19) and (A2), the maximum of the surface current J,,,,, can be expressed as Equation (Al) can be simplified in two respects for the radiated electric field far from the emitting antenna. In the far field, the denominator in (AI) can be assumed to be constant because lr'I << Irl. Also, the surface current increases to its maximum on the order of the pulsewidth of the radiated field rp. Thus, we assume that Equation (AI) can be simplified and used to express the maximum value of the far-field radiated field Er, far, max (z), as a function of the displacement along the center of the radiated beam z (A51 where A is the area of illumination in the emitter. This equation implies that radiated fields will diffract less the shorter the pulsewidth of the radiation is and/or the larger the antenna gap spacing (i.e., area, A ) is. Thus, the higher frequency components of the radiation should diffract less and be closer to the center of the radiated beam. The z-' dependence of the far-field radiated electric field shown in (A5) is consistent with both the description of the radiated field from a planar current distribution of a sinusoidal temporal profile and the theory of diffraction of Gaussian beams [7] , [36] . For a radiated electrical beam of Gaussian spatial profile, the ratio of the e-' radius of the radiated beam at the emitter wO to the one far from it, q ( z ) is equal to the ratio of the amplitude of the fields Note Added in Proofi Subsequent to the submission of this paper, we have directly measured freely propagating electrical transients with amplitudes as high as 905 V/cm from a 2.0 mm gap InP antenna excited with a pulse of 60 pJ in energy. The radiation, extending from dc to 2.0 THz and centered at 160 GHz, was recollimated, and focused to a 2.0 mm diameter spot onto the detector.
